Abstract -The harmonic analysis of a power system requires appropriate models of all system components. Synchronous machines act as harmonic converters, sensitive to the sequence of the fundamental and harmonic frequencies. This paper describes the derivation of a harmonic model of the machine in the form of a three-phase complex admittance matrix and its application to the harmonic behaviour of an asymmetrically loaded generator.
INTRODUCTION
The importance of harmonic analysis of power systems is on the rise [1] due to an increased use of converters which are the primary source of harmonics. Several papers have been published on this topic, some describing the problem as harmonic power flow [21,[3] , some as harmonic penetration [4] , and a recent book deals with power system harmonics [5] . In addition to converters, also arc furnaces, fluorescent lamps and the magnetizing branches of transformers [6] are recognized sources of harmonics. However, the harmonic behaviour of the synchronous generator has not been given serious consideration in harmonic analysis 14], even though it is well known that it converts negative sequence currents into third harmonic positive sequence and, in general, acts as a harmonic converter. This is so probably because of the complexity of the problem, since conversion means coupling of harmonics which otherwise would be examined separately. Therefore, generators are often represented by a single approximate impedance at each harmonic. However, three-phase transmission lines appear as strongly unbalanced at harmonic frequencies and resonances may appear for single modes so that harmonic unbalance is created or strongly amplified [7] . The generator will pick up the unbalance and return other harmonics. Clearly, the complex interaction betweein generator and system cannot be ignored. This !ncy
In equations (11), (12) and (13) Equations (13) and substitute (10) into (9'), we obtain expressions for v,,, and vjh, Let C' denote the reduced matrix C, and let C' and C* be their conjugate, respectively. Then it can be easily verified, by direct substitution and taking (17") into account, that C'C'* -U, where U is the unity matrix. This does not mean however that C is the inverse of C. Still, we prefer to use the full matrix C of (17') because of its symmetry and simplicity, with the understanding that a reference to an inverse relationship to (15) is interpreted to apply to the reduced matrix C' and the reduced set of variables.
The inverse relationship to (15) can be derived directly starting with equations (9") and performing calculations as in equations (10) to (14 
From equations (23) Figure 4 shows the effect of coupling and loading on the level of 3rd harmonic voltage distortion. The results indicate that for loads within the nominal rating (i.e. 1 p.u.) the 3rd harmonic voltage is almost directly proportional to the load admittance, and hence to current or power. Also, the 3rd harmonic voltage is seen to be directly proportional to the level of coupling. The 5th harmonic voltage, not shown in the figure, varies approximately in proportion to K2.
Effect of Saliency
It is apparent from the analysis that saliency is the main determining factor in the process of harmonic conversion. To examine the effect of saliency, the simplified equivalent circuits in Figure  5 
Unbalanced Tuned Load
This case introduces the effect of resonance by replacing the resistive load with the delta connected circuit of Figure 7 , the resonance frequencies approximating those of the open circuited line of the test system. The machine data are given in the Appendix. (2) harmonic, leading to increasing negative sequence 3rd harmonic voltage and current with f o l-f o 2 This is followed by corresponding increases of 5th harmonic voltage and current. The ratio of 5th harmonic positive sequence to 3rd harmonic negative sequence is approximately constant.
Untransposed Open Circuit Line
In the test system of Figure 3 the length of the untransposed line was varied from 50 to 800 km, again with the machine dat of the Appendix. Figures 9a and b show the positive and negative sequence third harmonic voltages at the machine terminals. While the machine cannot generate harmonics directly, these appear as a result of the unbalance produced by the untransposed line and are therefore very dependent on the length of line.
In the range of line lengths between 165 to 200 km each harmonic voltage shows a double peak. These peaks correspond to the different resonant lengths of the a and /3 propagation modes present in a line of flat construction. The peaks occur at different lengths for the different harmonics (e.g. at 170 and 195 km for positive sequence third and at 175 and 190 km for negative sequence third). This effect is due to the impedances and degree of unbalance varying greatly near the resonances of the two modes. The harmonic voltage levels in this range of distances are too large to be ignored, viz. 6w % of positive sequence third and 4% of negative sequence third harmonics respectively. This clearly demonstrates the need for detailed generator representation as proposed in this paper. The levels of distortion are also substantially higher than the levels calculated in the dummy loads, as a consequence of the standing wave effect of the line.
CONCLUSIONS
A generalized steady state model of the synchronous machine has been developed which can take into account any asymmetry or distortion present in the armature voltages. It has been shown that when the field voltage is perfect d.c. the harmonic model of the machine becomes a passive admittance matrix. The level of interharmonic coupling has proved to be partly load related (i.e. affected by the size of load current and degree of asymmetry) and partly generator related (affected by saliency). Such harmonic coupling cannot be detected with present harmonic models, where the generator is short-circuited behind the suhtransient reactance.
Computer results, with the machine connected to a dummy (asymmetrical) load and to an untransposed transmission line, have been obtained to corroborate the theory. They indicate that the harmonics generated by the machine may often exceed the levels prescribed by harmonic legislation and they need to be assessed accurately. The effect of two different resonant modes have been demonstrated, leading to a strong unbalance and thus high voltage distortion. The main harmonic contributions from the generator are positive and negative sequence third harmonic currents, which therefore cannot be eliminated by generator or transformer connections.
